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Abstract

This study introduces a magnetic positioning system which can be achieved by using only a
single beacon for reference. This is a highly accurate positioning system equipped with two
permanent magnets housed within a shell. The magnets generate an alternating magnetic field signal
by converting the static magnetic field into a Time-Varying magnetic field, in which the pattern
changes over time. The Frequency Division Multiplexing (FDM) is used to recognize the signal’s
amplitude and phases it simultaneously from every individual permanent magnet. Using this
technology and the Time-Varying magnetic field, the position of objects can be determined by using
only one point in space. The advantage of this magnetic positioning system is that it is not affected
by the multipath effect of space, and offers excellent characteristics for penetrating various obstacles.
According to the results of the study, this magnetic positioning system can achieve an accuracy to
within 10cm; as has been observed under experimental conditions. It has also been applied to the
control systems of UAVs in order to improve the capability of functioning in real time. This can be a
great contribution to mobile technology, wearable technology, or automatic control systems in need

of an advanced positioning system.
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. Introduction

Since unmanned vehicles and unmanned aerial vehicles are developing
quickly, an indoor positioning system for calculating their precise positions is
necessary. Indoor positioning systems such as RSSI-based or Infrared-based
require more than three beacons to obtain an accurate position of an object, and
they may be easily interfered by obstructions [1] — [5]. Magnetic indoor
positioning systems are robust against radio interference and environmental
obstructions. Reference [6] has used DC magnetic field signal strength and
places multiple transmitting coils for indoor positioning, which demands
complex setup procedures.

In order to minimize the number of beacons installed for positioning,
reference [7] has presented a single base station using ultrasonic reflections and
fingerprinting method. The use of smart antennas and RFID tags in [8] and [9]
also achieve single base station positioning. According to [10] — [11], positioning
beacons are unnecessary based on the prepared magnetic flux density maps.
However, their positioning errors are about 1 meter in a normal sized room,
which is too great to obtain a precise location of an object. Furthermore, site
surveys are required due to the use of fingerprinting methods. Hence, an instant
setup system for precise indoor positioning has not yet been created.

A magnetic tracking method using a source with two mutually orthogonal
coils fed with phase quadrature currents has been mentioned in [12]. This
method has been proposed theoretically, which didn’t take cumulative errors of
actual cases into consideration. Reference [13] is another magnetic tracking
method using a source with three mutually orthogonal coils and a uniaxial

sensing coil. However, it requires a rotary stage to rotate the sensing coil in all
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directions and determine the maximum value. Hence, these tracking methods
aren’t suitable for constructing an instant positioning system.

The study aimed to develop a Single-Source 3D Positioning System, which
can be setup instantly and lower installation costs. Compared to positioning
systems using Received Signal Strength (RSS) and trilateration methods to
calculate the position of an object in a Cartesian coordinate system, the study is
considered to determine the position of an object in a spherical coordinate
system. The distance (), the elevation angle (6), and the azimuth angle (¢) of an
object are the three parameters needed for positioning. By doing this, the
positioning system requires only one source. The three parameters are proposed
to be calculated based on the magnetic field due to its excellent capability of
penetrating through various obstacles. Therefore, the distance between the source
and object can be calculated from the strength of the magnetic field. In order to
calculate the elevation angle (8) and azimuth angle (¢) of an object, rotating
magnetic fields have been proposed. The rotating magnetic field is designed to
have the characteristics of its phase related to the actual rotation angle of the
object and can provide the angle information to the system for positioning.

Overall, the study is focused on constructing a Single-Source 3D
Positioning System generating two rotating magnetic fields to calculate the

accurate 3D position of an object in a spherical coordinate system.

Fig.1. Single-Source Positioning System
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I1. Methods

The distance between the source and object (), the elevation angle (6), and
the azimuth angle (¢ ), these three parameters are required to achieve
single-source positioning. Hence, the following methods are used to obtain this
information. The received magnetic field signal strength is implemented to
indicate the distance. Rotating magnetic fields are used to compute the angles.

After combining Frequency Division Multiplexing, a brand new design with
three mutually orthogonal coils is established to generate rotating magnetic fields
in two different frequencies and directions. For the sensing object, the HMC1053
3-axis magnetometer from Honeywell is used to receive the magnetic field
signals, an algorithm for Digital Signal Processing to extract the three parameters
from the magnetic field strength signal is presented. In general, all tasks are
conducted by STM32F407 micro-controller units.

After implementing these methods, a single-source 3D positioning system -

Magnetic Positioning Sphere (MPS) has been created.

A. Received Magnetic Field Signal Strength

According to Biot-Savart Law, the magnetic field strength received by an
object is reciprocally proportional to the cube of distance between the wire with
electric current flow and the object. A magnetic dipole model derived from
Biot-Savart Law also shares the same relationship. In this study, the transmitting
source of the single-source positioning system is assumed as a magnetic dipole.

To neutralize the effects caused by DC field interference, such as
geomagnetism, AC magnetic field signals are transmitted instead of DC

magnetic field signals. Magnetic field signal strength can then be indicated by
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the amplitude of the received signal.

Fig.2. AC magnetic field signal
After the AC magnetic field signal is captured by a magnetometer, the unit of
the signal is transferred into Voltages instead of Teslas. According to [14],
magnetic field strength is proportional to output voltages. Hence, the distance (1)

between the source and the object can be calculated by formula (1).

_ 3|Kmp
r= 3 ()

Ky 1s the magnetic positioning constant, which only needs to be calibrated

once for each sensing objects, while A,, is the amplitude of the received signal
(V).

B. Rotating Magnetic Fields for Calculating Angles

1. The Concept of a Rotating Magnetic Field

A rotating magnetic field refers to a magnetic field generated by a
rotating magnetic dipole. Magnetic field strength received by an object varies
over time Figure 3 (A) to 3 (C) indicate field generate by a rotating magnetic

dipole from t;~t; .
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(A) Field generated at t,

(B) Field generated at t,

(C) Field generated at t;
Fig.3. Rotating magnetic fields generated by a magnetic dipole

OBJ indicates an arbitrary object on XY plane.
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An arbitrary object (OBJ) receives a magnetic field strength signal

which is approximate to a sinusoidal wave, which is shown in Fig.4.

Fig.4. Magnetic field signal received by OBJ at different timestamps
in a rotation cycle of a rotating magnetic field

The maximum value of the magnetic field strength signal received by
OBJ in half of a rotation cycle takes place at t,, when the north pole of the
magnetic dipole faces OBJ according to Fig.3. This reveals the characteristic
of a rotating magnetic field, in which the maximum value of signals captured
at different rotation angles on the plane takes place at different times. Based
on this concept, the rotation angle between two objects can be computed

using the phase difference of the two signals captured.
2. Calculation of Angles using a Rotating Magnetic Field

Rotating magnetic fields can not only be generated by rotating magnetic
dipoles but also electromagnets. Reference [12] suggests that two ideally
mutual orthogonal coils fed with phase quadrature currents are able to
generate a rotating magnetic field. In this study, electromagnets are used to
implement a source generating rotating magnetic fields due to its stability as
compared to rotating magnets. For angle calculations, while focusing on

calculating the angle of object from 0 to 180 degrees, the maximum strength
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of the magnetic field occurs at £.
The actual angle of an object 8 can be calculated using formula (2),

while w is the angular frequency of a rotating magnetic field.
0 = wi (2)
Fig.5 shows the magnetic field received by three objects at different
angles while the sensor of each object is fixed in a particular direction. It’s
obvious that the time when the maximum value of the magnetic field strength
occurs is related to the actual angle of objects. In this study, the time

difference between two signals is used to calculate the angle between two

objects based on this concept.

Fig.5. Magnetic field received over time by three objects at different
angles while two axes of the sensor are fixed on X & Y axis

While 7 tells the distance measured between the origin point and the

object, polar coordinate of an object k can be labeled (7, 8;)
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C. Development of a Single-Source Positioning System

Flow chart of a single-source positioning system is shown in Fig. 6.

Fig. 6. Flow chart of a single-source positioning system

This single-source positioning system is composed of a source, a control box,
and a sensing object.

The Arbitrary Waveform Generator (AWG) in the control box outputs
phase-quadrature signals. After increasing the signals using audio amplifiers,
they are sent into the source. The sensing object then receives magnetic field
signals, and it’s able to obtain its positioning after calculation processes.

To develop a sensing object executing its program, a micro-controller unit —
STM32F407 is used. Open source libraries such as STM32F4 standard
peripheral library from STMicroelectronics and discovery board library are
referenced for the integration of an MPS system. HMC1053 three-axis
magnetometer from Honeywell is implemented to receive magnetic field signals

[15]. Also, an LCD is used to display the position of an object.
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1. Introduction of the Magnetic Positioning Sphere

In this study, two rotating magnetic fields are required to calculate the
elevation angle and azimuth angle of an object. Hence, dual sets of two
mutually orthogonal coils generating rotating magnetic fields on two angled
planes are required. To simplify the transmitting apparatus, an innovative

design with three mutually orthogonal coils is introduced.

Fig.8. Introduction of a novel design with three mutually orthogonal

coils

Recognition of rotating magnetic fields on two different angled planes
is relatively important when positioning. To achieve this, Frequency
Division Multiplexing (FDM) is used in conjunction with magnetic fields.
The magnetic fields are set to rotate on each angled plane at different
angular frequencies. Objects can then execute Discrete Fourier Transform
(DFT) to calculate the Fourier Coefficients of each frequency. Based on
these parameters, the amplitude and phase of each signal can be calculated,
and the distance, elevation angle, and azimuth angle of an object can be
derived. Details of the calculation processes can be seen in the later section.

As the transmitting source is simplified to a three mutually orthogonal

coil design, these coils are fed with signals shown in Fig.9.
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Fig.9. Magnetic Positioning Sphere (MPS)

Two sets of phase quadrature signals with different frequencies are sent
from the source to generate rotating magnetic fields at two different angular
speeds. By doing this, the transmitting source is equivalent to two
mechanically rotating magnetic dipoles, calculating two angles of an object.

After implementing these methods, a Magnetic Positioning Sphere
(MPS) has been introduced.

As the MPS is composed of three mutually orthogonal coils, the
magnetic field strength received by an object at position (7,6, @) can be

described by formula (3).

NI,A
B_.Uo 0

= W{\B cos[2(8 — w,t)] + 5 + /3 cos[2(p — w,t)] + 5} (3)

Ko 1s the magnetic constant; N stands for turns of the coils; I is the
electric current flow; A represents the area of a coil; 8 and ¢ are the
elevation angle and azimuth angle of an object; w; and w, show the

angular frequencies of two rotating magnetic fields; t tells the time elapsed.
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2. Digital Signal Processing for Magnetic Positioning Sphere System

Frequency Division Multiplexing (FDM) allows an object to gather
two rotating magnetic field signals simultaneously. As shown in Fig.10, an
object receives a composite signal with 125 Hz, 100 Hz, and DC signals,
which simulate rotating magnetic field signals at two different frequencies

and DC interferences.

Fig.10. Composite signal of 125 Hz, 100 Hz, and DC on time-domain

After the object receives a composite signal, determination of each
rotating magnetic field signal is necessary. As the angular frequencies of
rotating magnetic fields can be controlled, the signal captured is coherent at
a specific amount of time. Due to this, amplitude of signal is able to be
centralized to one frequency on the frequency-domain. Hence, “Discrete
Fourier Transform (DFT) for a Specific Point” is used to determine rotating
magnetic field signals in two different frequencies. Instead of computing all
the coefficient in different frequencies on frequency-domain, specific
frequencies such as 100 Hz and 125 Hz are only required in this calculation.

A three-axis magnetometer receives the magnetic field strength signal
in three different directions. However, according to the characteristics of
rotating magnetic fields, these vector components have to be summed up to

get the strength of the magnetic field vector. Due to this, after obtaining the
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Fourier coefficients by executing “DFT for a Specific Point” on signals
captured from three directions, an algorithm to calculate the amplitude and
phase of rotating magnetic field signals from three sets of Fourier
coefficients is required.

Fourier coefficient contains a real part (Re) and an imaginary part (Im),
for example, acos@ + ibsin@. To calculate the magnetic field vector, the
root sum square of Fourier coefficient in three directions has to be

calculated. After this, the amplitude of the signal can be calculated by

VRe? + Im?, and the phase of the signal can be calculated by tan_l;—rz

However, according to De Moivre's theorem, argument of the square of a
Fourier coefficient is doubled. Hence, the actual phase of the rotating
magnetic field signal is half of the phase that is calculated.

After these processes, two parameters, amplitude and phase, of the
signal is acquired to calculate the distance (7), elevation angle (8), and
azimuth angle (¢) of an object. Calculation results using a simulation signal

in Fig.10 are shown in Fig.11 and Fig.12.

Fig.11. Amplitude calculation of the simulation signal. Red dots show

the only points calculated during Discrete Fourier Transform of MPS

67



Fig.12. Phase calculation of the simulation signal. Red dots show the

only points calculated during Discrete Fourier Transform of MPS

3. Implementation

The MPS system is composed of a Magnetic Positioning Sphere, an
Arbitrary Waveform Generator for generating designated signals, and a
sensing object equipped with magnetometer. The Magnetic Positioning
Sphere is composed of three mutually orthogonal coils. Before
experimentation, a sphere with 200 turns of coils each is constructed, shown

in Fig.10.

Fig.13. Magnetic Positioning Sphere Prototype
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With regards to the control box, it is composed of an Arbitrary
Waveform Generator (AWG) with two MCUs containing three
Digital-to-Analog Converters (DACs) and amplifiers to increase the electric
current flow of signals. All of these components, along with a power supply,

and a couple of fans are put into a box, as shown in Fig.14.

Fig.14. Control box
For the sensing object, a Discovery Board with STM32F407 is used to
execute all the computations. This is combined with the three-axis
magnetometer, the HMC1053, a new PCB layout compatible with the
Discovery Board has been established. This new sensing object layout uses

an LCD module and a mobile power source, as shown in Fig.15.

Fig.15. Sensing object
After these processes, a single-source positioning system — Magnetic

Positioning Sphere has been created.
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I11.Results

During experimentation, NIyA value, which is explained in formula (3), the
signal gain of the magnetometer, and the granularity of Analog-to-Digital Converters
(ADC:s) are found to be related to the positioning ability, or positioning range, of the
MPS system. After experiments, the stability, positioning accuracy and coverage of

the MPS system can be determined.

A. Stability of Magnetic Positioning Sphere System

Fig.16 shows the standard deviation of MPS positioning errors on a section
in a 3D space. Using the following parameters NIpA = 8.32, Sensor Gain = 212.8,
along with a series of 12 bit Analog to Digital converters were used to capture

the signals. The resulting data was collected from the sensors.

Fig.16. Standard deviation of positioning error
These are the standard deviations of 80 error values. They show that the
MPS system has exceptional stability in the range of 150 cm under these
particular conditions, which shares the standard deviation of within 2. For further
distances, standard deviation of positioning errors rise due to the increase of the

overall positioning error. However, they’re negligible.
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B. Positioning Accuracy of Magnetic Positioning Sphere System

For the positioning accuracy of the MPS system, it’s separated into two parts
to conduct experiments. The first part shows the median of positioning errors on
a section in a 3D space, which shares the same area and conditions as the data
gathered in Fig.16. The other one shows the Cumulative Distributive Function
(CDF) of positioning errors in different zones, or positioning range. In this part,
comparison between positioning with and without obstructions is also
established to show the excellent capability of the MPS system against

environment obstructions.
1. Median of Positioning Error

Fig.17 shows the median of MPS positioning errors on a section in a 3D
space. Using the following parameters NIpA = 8.32, Sensor Gain = 212.8,
along with a series of 12 bit Analog to Digital converters were used to

capture the signals. The resulting data was collected from the sensors.

Fig.17. Median of positioning error
These are the median of 80 error values. They show that the MPS

system is able to obtain precise positioning values in the range of 150cm
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under this particular condition, which has a median error to within 5 cm. For
further distances, median of positioning error rises as the amplitude of the
rotating magnetic field signals decrease to white noise levels. However, the

overall positioning error of the MPS system remains negligible.

2. Positioning Accuracy with and without Obstructions in Different Zones

First of all, 3D space where the MPS system is able to obtain the
position of objects is split into zones with different positioning ranges, as

shown in Fig.18.

Fig.18. Definition of zones
For Zone 1 and Zone 2, data are acquired under the condition of
NIpA =416, gain of the sensor = 212.8, and use of 12 bits
Analog-to-Digital Converters (ADCs) to capture signals. For Zone 3, data
are acquired under the condition of NIyA = 8.32, and the other two factors
remain.

Fig. 19 (A) to (C) is the CDF of positioning error in three zones.
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== /0 obstructions == w/ wooden obstructions =sm y/ metal obstructions

Fig.19. Cumulative Distribution Function for positioning error

(A)Zone 1 (B)Zone2 (C)Zone3
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According to Fig.19, wooden obstructions cause little to no effect on
positioning, while metal obstructions cause a little more error due to the
induction fields. From this, it can not only prove that the MPS system is
robust against environmental obstructions, but also restate that the MPS

system are able to obtain precise positioning values.

C. Coverage of Magnetic Positioning Sphere System

Coverage of the MPS system is determined by the amplitude of rotating
magnetic field signals. While the amplitudes of the target frequencies, which are
the angular frequencies of two rotating magnetic field signals, are two times
greater than the noises level, it is defined as the MPS system is able to cover that
range. Based on this, experiments are conducted by adjusting different NI A
values, signal gain of the sensor, and the granularity of the ADCs. Following
tables are the experiment results.

Table 1. Positioning range for different NIyA values

Measured Ideal

NloA range (m) [range (m)
1.15 1.46 2.64
2.89 1.88 3.59
5.39 2.51 4.57
8.32 2.68 5.12
62.83 5.32 10.15
353.43 N/A 18.06
1963.50 N/A 31.99
3848.45 N/A 40.03
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Table 2. Positioning range for different sensitivities of the sensing object

NIoA Bits of | Gain of | Measured
ADC sensors | Range (m)
12 bits 212.77 1.88
589 638.3 2.21
16 bits 212.77 1.95
638.3 2.29
12 bits 212.77 2.68
8.32 638.3 3.17
16 bits 212.77 2.76
638.3 3.19

Table 1 shows the positioning range for different NIyA values. Signal gain
of the sensor and the granularity of ADCs are set to 212.8 and 12bits. It is shown
that the measured positioning ranges is around 50~60% of theoretical ranges.
Hence, sensitivities of objects are adjusted to approximate theoretical values.
Measurements conducted up to 62.83 of the NI,A values. For greater values,
they are unable to be set during experiments due to the complicated procedures
for constructing the source. Table 2 take two NIyA values for examples,
showing that by increasing the sensitivities of the sensing object can help
increase the coverage of MPS system. Adjusting gain of the sensor is able to
increase the amplitude of the received signals, while using ADCs with greater
granularity has better recognition to an AC signal. Adjusting these two factors,

overall, is contributive to increasing the coverage of the MPS system.
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V. Discussions

After introduction of the MPS system and determination of its stability, accuracy,
and coverage, discussions about effects on human bodies and the computation time of

a position have been done.

A. Effects on Human Bodies

Research conducted by World Health Organization (WHO) suggests that the
main effect on human bodies cause by magnetic field, electric field, and
electromagnetic waves is heat [16]. Institute of Electrical and Electronics
Engineers (IEEE), World Health Organization (WHO), and International
Commission on Non-lonizing Radiation Protection have set up guidelines for
limiting exposure under magnetic field, electric field, and electromagnetic waves
[17]. One of the lines suggest that it is recommended no to be exposed under
magnetic field strength greater than By = 5000/f for a very long period of
time. f stands for frequencies between 25 Hz to 800 Hz (Extreme Low
Frequency), while the unit of By is uT. Compared with higher frequencies
time-varying fields commonly used on cellphones or radios nowadays, the range
of 25 Hz to 800 Hz, which is the range of rotating magnetic field signals, is

relatively harmless to human bodies.

B. Computation Time of a position

Due to the use of “DFT for a Specific Point” during calculation, computation
for a single position has been simplified. According to the measurements,
processing time after capturing the signals is within 5 milliseconds, as shown in

Fig.17.
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Fig. 17. Measurement of computation time for a single position
The width of the pulse indicates the computation time for a single position. It
shows that the MPS system is able to compute a position in a very short amount
of time. Using this characteristic, the MPS system is compatible for various
applications. For example, it’s able to complete calculation of positions of
fast-moving objects such as Unmanned Aerial Vehicles for indoors, showing the

value of MPS system.
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V. Conclusions

In this study, a Magnetic Positioning Sphere (MPS) has been introduced to
generate rotating magnetic fields in two different frequencies using Frequency
Division Multiplexing. Also, methods used such as “DFT for a Specific Point” help
the MPS system to achieve robust positioning and simplify the system structure. After
implementing the Magnetic Positioning Sphere (MPS) and all the methods mentioned,
a single-source 3D positioning system has been created. Error of MPS positioning is
in the range of 0~10 cm with the positioning distance to around two meters under
experimental settings. Results also reveal that the MPS system is robust against
environment obstructions, which can be used for numerous applications as compared
with RSSI-based, Infrared-based, or optical-based positioning systems. For future
applications, due to the MPS system can be installed in seconds, it is considered to be
implemented on applications which demand to setup instantly a positioning system
and obtain the precise position of an object. For example, this can be used for the
navigation of firefighters, robots, or UAVs when rescuing indoors. By implementing
on uses like this, the MPS system is believed to become an indispensable tool on
countless applications around the globe.

In the future, solutions for increasing the positioning range of MPS system is
necessary. Assume the sensitivity of sensing object reaches theoretical value,
positioning range is able to achieve 80 meters by constructing a transmitting source
with coils that are 1000 turns as well as 1 meter of radius and fed with electric current
flow of 10 Amperes. Tradeoff between the three parameters (N ~ [, * A) and power
consumption must be considered for constructing MPS system on various
applications.

This study is just the beginning of single-source positioning system using
magnetic fields, it is expected to be developed with other researchers, making it easier

and more commonly used in the future.
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